INTRODUCTION

During 1961 a deep injection well was drilled by the U.S. Army Corps of Engineers at the Rocky Mountain
the RMA well confirmed the presence of fractures in the Precambrian interval [Scopel, 1964] . It is believed that the reservoir permeability is confined primarily to these fractures; the reservoir rock itself is much less permeable. Evans [1966] found that the Precambrian core was split apart along a A comprehensive list of earthquake hypocenters recorded during 1967 and 1968 by the U.S. Geological Survey seismic array was given by Hoover and Dietrich [1969] . In Figure 3 the hypocenters of these earthquakes are plotted on a northwestsoutheast cross section taken through the trend of the epicengin with the fractured Precambrian rocks of the Front Range, ters. This plot suggests that the earthquake zone extends apAnother line of evidence that suggests the existence.of frae-ProxUnately 3.3 km in depth from 3.7 km to 7.0 km below tures in the Precambrian bedrock is the locations of the earth' land surface. The vertical extent of the reservoir in the Prequake epicenters that were recorded in the vicinity of the Cambrian rocks in expected to be confined to this range. RMA. Between 1966 and 1968, various seismic arrays were in, Numerous pressure measurements have been made in the stalled by the U.S. Geological Survey at the RMA. Although these devices were in operation intermittently, sufficient data were collected so that a zone of earthquake epicenters could be clearly outlined. The result of this survey indicated that the earthquake epicenters were consistently located in an area that is elliptical in shape, approximately 10 km long and 3 km wide, and contains the RMA well (Figure 2 ). The trend of the major axis of this seismic zone was approximately N 60øW. The analysis of these earthquakes suggested that they occurred as results of shear motions along near-vertical planes having the same trend as the seismic zone [Healy et al., 1966 [Healy et al., , 1968 The September 1961 tests were conducted through the drill pipe, using the drilling rig equipment. Except for the last two runs, during which Amerada subsurface gauges were used, pressure readings were taken with a surface recorder. In general, the pressure data were of poor quality. Using the Horner method of analysis, van Poollen [1966] calculated transmissivity values ranging from 1.11 x 10 -6 m2/s to 4.05 x 10 -5 m2/s, with a probable average of 2.36 x 10 -5 m'-/s.
In January 1962, after the well was completed, four additional injection tests were performed. Pressure recordings from a subsurface Amerada gauge were available for the latter three tests, and the data obtained were generally of better quality than those from earlier tests. The calculated transmissivities, however, ranged from 2.5 x 10 -5 m'-/s to 9.13 x 10 -5 m'/s [van Poollen, 1966] . These values are somewhat higher than those computed from the September 1961 tests. Van Poollen suggested that the high values could be explained by a cleaning of the fractures during the long period of fluid withdrawal prior to the January injection tests.
In addition to data from the injection tests, transient wellhead pressure, which was continuously recorded during the actual waste disposal operation, may also be used to estimate reservoir transmissivity. 1. Pressure buildup computed from a two-dimensional model may be interpreted as the average pressure buildup over the depth of the reservoir [Bear, 1979] . We feel that a comparison of the horizontal distribution of earthquake epicenters with the vertically averaged pressure buildup is a reasonable approach to examining the earthquake-pore pressure relationship.
2. The long-term seismic data ( 
where w is the width of the strip. In both models the vertically averaged pressure increase, Ap, can be computed from h by ap = hy (5) where 3' is the specific weight of the fluid.
MODEL IDENTIFICATION AND CALIBRATION
The two reservoir models were calibrated using the history of observed water levels in the RMA Well after waste injec- changed and a new falloff curve was computed. This procedure was repeated systematically until a set of parameters that generated a falloff curve that fitted the observed data to a satisfactory degree was found.
In our attempt to calibrate the infinite, anisotropic reservoir model, it became apparent that this model could not produce It should be noted, however, that a significant difference in the shape of the computed and observed falloff curves can be seen for the later times. After approximately 1000 days from shut-in, the observed data exhibited a sharp decrease in the rate of falloff. Such a feature was not found in any of the falloff curves generated during the calibration process. In fact, we were unable to incorporate this feature into the computed curves by modifying the four model parameters.
To account for this late time feature, we decided to modify the reservoir model itseft. One method of producing a sudden change in falloff rate at late times is to replace the infinite strip model by a semi-infinite strip model with an impermeable boundary at one end. If the impermeable end were located sufficiently far from the well, then the falloff curves for early times computed by both models would be the same. For later times, however, the effect of the impermeable end would no longer be negligible and the falloff rate in the semi-infinite strip would be slower than in the infinite strip.
The analytical solution of (2) wanted to obtain the same falloff curve as the infinite strip case for early times. Only the value of I was varied. The best fit value for I was found to be 30.5 kin. A comparison of the computed and observed falloff curve is shown in Figure 9 .
At first we anticipated that the existence of the impermeable end could be explained by the discontinuity in the Precambrian rocks at the mountain front. On reviewing a Precambrian structural map of the Denver Basin [Haun, 1968] , however, we found that the mountain front was considerably further than 30 km from the RMA well. Instead, the best fit value of I placed the impermeable end in an area in which the reservoir is intersected by a set of vertical faults trending in a northeasterly direction (Figure 10 ). Displacements along these faults were found to be vertical [Haun, 1968] . The linear fracture zone in the Precambrian rocks may thus have been rendered discontinuous by vertical displacements along these northeasterly trending faults.
We feel that the falloff data observed in the RMA well can best be explained by the semi-infinite strip reservoir model because this model is supported by hydrologic, geophysical, and geologic evidence. In particular, we note the following: 1. The transmissivity of the semi-infinite strip model was calibrated using data recorded over a period of 9 years. In contrast, transmissivity values estimated in previous studies were calculated with the Horner method (which assumes an infinite reservoir) using pressure data recorded over periods of days or hours. Both the long-term and short-term data lead to similar estimates of reservoir transmissivity. quake epicenter and the observatory and the apparent direction of the epicenter from the observatory. The study was limited to those earthquakes that produced first motions large enough to be measured accurately but small enough not to be off scale.
Results from the seismic study showed that the time interval between P and S wave arrivals from the Denver earthquakes was nearly the same, but there were significant variations in the direction from the observatory to the epicenters as determined by the N/E ratios. From these observations, Major and Simon concluded that most of the earthquakes occurred about 44 km from the observatory and that the width of the active zone was probably less than 6.4 km. The areal extent of this zone is shown in Figure 11 . Major and Simon noted an interesting phenomenon in the azimuthal distribution of the Denver earthquakes. They suggested that there seemed to be a slow migration of the center of maximum activity to the northwest (in the direction of higher N/E ratios). This phenomenon was also observed in a later seismic investigation by Hoover and Dietrich [1969] .
To extend the azimuthal study for the period after August 1967, seismograms from the Bergen Park observatory for the period from September 1967 to December 1972 were obtained. A catalog of the Denver earthquakes during this period was provided by Presgrave [1978] . Following the same method used by Major and Simon, a similar azimuthal study of the Denver earthquakes was conducted. The azimuthal distribution from 1968 through 1972 is shown in Figure 13 . Because of the significant decrease in the number of earthquakes, the northwestward migration noted by Major and Simon is no longer observable. In general, however, the maxi -' mum activities are still centered in the zones of higher N/E ratios.
COMPARISON OF EARTHQUAKE AND RESERVOIR
PRESSURE
Having determined a likely model for the Precambrian reservoir, the pressure buildup caused by fluid injection can be computed. If the Denver earthquakes are related to the waste injection program at the RMA, then a correlation will most likely be found between pressure buildup in the reservoir and earthquake epicenters. In this section we will compare the areal distribution of the computed pressure buildup with that of the earthquake epicenters for the period 1962 to 1972.
There is one problem which makes the direct comparison of reservoir pressure buildup with epicenter locations more difficult. While the pressure buildup is computed on a semi-infinite strip, the earthquake distributions (from the azimuthal study described earlier) are given in the active zone defined by two concentric arcs and two lines emanating from Bergen Park. To facilitate a meaningful comparison between pressure and earthquake distribution, we must choose a common base on which the distribution can be compared.
In this study we will make this comparison along the axis of the reservoir. Since flow in the reservoir is essentially linear, pressure variations across the width will be small. Thus the pressure profile along the reservoir axis will be a good indication of the overall pressure distribution in the reservoir. To construct the distribution of earthquake epicenters along the reservoir axis, we divided the axis line into 10 segments using the 11 points of intersection between the reservoir axis and the 11 lines (with N/E ratios of 0 through 1.0) emanating from Bergen Park. The number of earthquakes in each section of the active zone is then lumped into the corresponding segment of the reservoir axis. Constructed in this manner, the bar graphs for earthquake distribution will have a horizontal scale in terms of distance along the reservoir axis, and the divisions between N/E ratios will be progressively smaller as the ratio varies from 0 to 1.0. 
EARTHQUAKE MECHANISM -
Most seismologists now agree that the Denver earthquakes were of tectonic origin, i.e., they resulted from sudden releases of tectonic strain energy stored in the Precambrian rocks beneath the Denver Basin. Seismic studies by Major and Simon [1968] and Healy et aL [1968] showed that the Denver earthquakes exhibit a frequency versus magnitude relationship that • The most widely accepted mechanism, however, attributes the occurrence of the earthquakes directly to the increase of fluid pressure in the reservoir. This hypothesis states that the increase in fluid pressure serves to reduce the frictional resistance against the shear stress along a fracture plane. If the fluid pressure is increased to a point where the frictional resistance becomes less than the shear stress on the fracture plane, slippage will occur, and the result is an earthquake. This mechanism has been generally referred to as the HubbertRubey mechanism.
The original work of Hubbert and Rubey [1959] actually concerns the role of pore pressure in the mechanics of overthrust faulting. They introduced the concept of rock movements caused by a Mohr-Coulomb type failure in a fluid-filled rock environment. This concept was first cited by Evans [1966] in his paper on injection-earthquake relationship and subsequently gained wide acceptance as the mechanism through which injection has caused the earthquakes.
The Hubbert-Rubey mechanism has been applied to the Denver earthquakes by Healy et al. [1968] . Although they did not perform any reservoir simulation, they showed that the occurrence of the Denver earthquakes were consistent with the Hubbert-Rubey theory. The present study further shows a correlation between spatial distribution of earthquake epicenters and fluid pressure buildup above a critical value. The existence of this critical pressure build-up is an additional feature that suggests that the Hubbert-Rubey mechanism is the dominant mechanism through which fluid injection has triggered earthquakes.
An important result of the present study is that the Denver earthquakes were triggered by a relatively small increase in reservoir pressure (32 bars). Such a small value of critical pressure buildup suggests that the basement rock at the RMA was already very close to failure prior to injection. This observation opens up the possibility that the Denver earthquakes may also occur spontaneously.
Prior to 1962, the only useful seismic data were from the seismograph station at the University of Colorado in Boulder. should be equal to the regional stress component that acts in the direction normal to the fracture plane [Kehle, 1964] . This formulation makes the model nonlinear; the solution must be obtained by numerical techniques. In this study the Galerkin finite element method was employed. The nonlinear solution technique used a simple iteration procedure whereby the transmissivity was lagged as new estimates of hydraulic head buildup were computed. The transmissivity was then updated and the entire procedure was repeated until convergence was achieved.
This station was in operation between
A trial run was made assuming the open fracture transmissivity to be 100 times the normal transmissivity value. As expected, the computed hydraulic head buildup near the well during periods of high pressure injection was found to be much lower than the hydraulic head buildup computed using a constant transmissivity model. A comparison of the hydraulic head profiles of September 1965 computed by the two models is shown in Figure 15 . These two profiles are shown because they exhibit the greatest difference in computed heads. As shown in Figure 15 , the effects of rapid flow in open fractures are restricted to near the well; the two profiles differ by less than 10% at distances greater than 1 km from the well.
In fact, for most of the injection period, the pressure profiles computed by the two models were almost identical.
It should be noted that the downhole pressure computed from the variable transmissivity model never reached 430 bars at any time during the trial simulation. This suggests that the transmissivity-hydraulic head relationship used in our trial run represents an extreme case of fracture opening near the well. Even for such an extreme case, we have shown that except for a small region near the well, the pressure profile computed by the variable transmissivity model is essentially the same as that computed by the constant transmissivity model. Thus the quality of the correlation between earthquake and pressure distribution discussed above remains unchanged.
CONCLUSIONS
Waste fluids were injected into a fractured reservoir in the Precambrian bedrock below the Rocky Mountain Arsenal between 1962 and 1966. Soon after injection began, earthquakes were detected in the vicinity of the RMA. These earthquakes were found to occur along a long, narrow seismic zone aligned in the direction N 60øW. Many investigators have suggested that a reservoir composed of connected vertical fractures aligned in the direction N 60øW exists in the Precambrian bedrock. Earthquakes were believed to be results of movements along the fracture planes and triggered by the increase in fluid pressure due to injection. This fluid pressure-earthquake hypothesis is examined in this paper by analyzing the pressure history in the Precambrian reservoir.
The fractured Precambrian reservoir can be visualized as either (1) a crystalline basement that contains a system of dominantly northwesterly trending fractures present throughout the area or (2) a narrow, linear fracture zone. In the former case the reservoir can be considered as a strongly anisotropic porous medium of infinite lateral extent; the major principal axis of anisotropy is taken parallel to the northwest trend of the fractures. In the latter case the reservoir is best considered as a long, narrow, rectangular prism of porous medium whose longitudinal axis is parallel to the northwest trend. In either case the reservoir is modeled as a porous medium that extends over the observed depth range of earthquake hypocenters, from 3.7 to 7.0 km below land surface.
The two reservoir models were calibrated using observed water levels in the RMA well after injection was discontinued. During the calibration process, it was found that the infinite, anisotropic reservoir model was unsatisfactory; the observed data could not be fitted by the model. On the other hand, calibration of the infinite strip reservoir model yielded parameter values that are consistent with those estimated in previous studies. The infinite strip model that provided the best fit has a transmissivity of 1.08 x 10 -5 m2/s, a storage coefficient of 1.0 x 10 -5, and a width of 3.35 kin. It was also found that an improvement in the match between computed and observed water levels can be attained by placing an impermeable boundary at one end of the strip, i.e., replacing the infinite strip model by a semi-infinite strip model. A distance of 30.5 km from the injection well to the impermeable boundary was found to provide the best fit. The existence of the impermeable boundary is supported by geological studies which indicate vertical faulting in the vicinity of the best fit location of the boundary. Movements along these faults may have rendered the fracture zone discontinuous. The semi-infinite strip reservoir model is the best hydrologic representation of the fractured reservoir in the Precambrian basement rocks beneath the RMA.
Comparison of horizontal distribution of pressure buildup and earthquake epicenters for the period from 1962 to 1972 indicates that earthquakes are confined to that part of the reservoir where pressure buildup exceeds 32 bars. This critical value is interpreted as the pressure buildup above which earthquakes occur. This result is consistent with the results found at Rangely, where earthquakes were controlled by controlling fluid pressures [Raleigh et al., 1976] . The earthquakes at the RMA, along with the experiment at Rangely, indicate that the Hubbert-Rubey hypothesis on the role of fluid pressure in faulting is the dominant process at work.
The reservoir analysis is extended to examining the effects of rapid flow in fractures opened by high injection pressures. The result of this investigation shows that the pressure distribution computed with the effects of fracture widening differs from the distribution computed without the effect in only a small region within 1 km of the injection well. The quality of the correlation between earthquake and pressure distribution remains unchanged.
At this point, the evidence seems rather conclusive that the increase of fluid pressure triggered the swarm of earthquakes at the RMA. This is not an original thought with us; as pointed out above, a number of investigators, starting with David M. Evans, have made this point. We believe that our analysis of fluid flow in the Precambrian reservoir ties up many of the loose ends left by earlier investigators. 
